I. INTRODUCTION
Measurement of radical densities in an electrical gas discharge is important for understanding and improving plasma etching and plasma-assisted deposition processes. Absolute density measurements are also needed for testing the reliability of reactive plasma models. Various plasma diagnostic methods based on ultraviolet, visible, vibrational, and ionization spectroscopies, and chemical titration methods have been used for radical density measurements in plasmas.
1,2
Among the various techniques used for measuring radical densities, threshold ionization mass spectrometry ͑TIMS͒ 2-11 is particularly useful since it enables the determination of the densities of all the radicals in the discharge near the substrate surface. In contrast, optical techniques are limited by the availability of accessible excited states of the radical and sometimes provide spatially averaged densities over the plasma volume. Although TIMS is a versatile tool for measuring absolute radical densities, it requires careful vacuum design and calibration which should take into account various sources of error: these include the ion mass-to-charge ratio dependence in the sensitivity of the various components in the quadrupole mass spectrometer ͑QMS͒, 8, 9 space-charge limitations in the QMS ionizer, [12] [13] [14] [15] as well as the collisions in the molecular beam extracted from the discharge. The latter correction is particularly important for higher operating pressures in the plasma chamber, where the mean free path in the beam is smaller than the extraction orifice dimensions (Ͼ75 mTorr in this study͒.
In line-of-sight TIMS ͑LOS-TIMS͒, the species in the plasma are sampled through a small aperture on the chamber wall or the substrate stage as shown in Fig. 1 . The mass spectrometer is placed in line-of-sight with this aperture in a differentially pumped chamber where the mean free path is greater than the characteristic length of the QMS housing. This ensures that after extraction the plasma species reach the mass spectrometer ionizer without any collisions with the walls of the chamber that houses the QMS. The QMS accepts only a small solid angle of the species sampled from the aperture on the plasma chamber, which constitutes the beam component of the species that enter the ionizer. Any species sampled from the plasma that are not within the solid angle of this beam, reach the QMS after several collisions with the walls of the housing resulting in the background component of the signal. Thus, the QMS ion current ͑hence-forth referred to as the QMS signal͒ resulting from the beam component is always superimposed onto a QMS signal resulting from the background gas due to the finite pressure in a͒ the differentially pumped chamber that houses the QMS. In most applications for TIMS, several stages of differential pumping are required to obtain a high beam-to-background ratio. 8 Furthermore, beam modulation is also required to separate the beam component of the signal from the background signal. 8 In this article, we present our design of the three-stage differentially pumped housing for the quadrupole mass spectrometer ͑QMS͒ for conducting modulated-beam line-ofsight TIMS measurements. We also present a calibration procedure for obtaining absolute radical densities, parent molecule densities, and the neutral-gas temperature at the sampling aperture, from the QMS signal, based on a method similar to that suggested by Singh, Coburn, and Graves. 9, 16 We have used an O 2 /Ar plasma as the prototypical system and present specific results obtained as a function of plasma chamber pressure and O 2 -to-Ar ratio in the feed gas.
The organization of this article is as follows. In Sec. II, we describe our experimental setup placing emphasis on the various design considerations for the QMS housing. In Sec. III, we describe the principle of TIMS and the details of the calibration procedure and various corrections required for obtaining reliable absolute radical density measurements. In Sec. IV, we present specific results for the O 2 /Ar plasma, and finally, in Sec. V, we summarize the conclusions of our study.
II. EXPERIMENT

A. Plasma reactor and the QMS housing
The plasma reactor used in this study has been discussed in detail previously. 17 Briefly, the experiments were conducted in a stainless steel, inductively coupled plasma ͑ICP͒ reactor. The plasma was generated by applying radiofrequency ͑rf͒ power at 13.56 MHz to a planar spiral coil seated on a quartz window, which forms the vacuum seal. The rf power to the plasma source was kept at 500 W. The plasma chamber was pumped by a 900 l/s turbomolecular pump ͑Leybold TMP 1000͒ which provided a base pressure of ϳ10 Ϫ7 Torr. The feed gases were injected through a gas injection ring close to the plasma source and the gas flow rates were controlled by mass flow controllers ͑BOC Edwards Model 825 Series B͒. The total gas flow rate was kept constant at 50 standard cm 3 /min ͑sccm͒ while the concentration of Ar in terms of mole percentage was varied from 0% to 90% Ar in O 2 . The pressure in the chamber was measured by a capacitance manometer ͑BOC Edwards Model 655͒ and regulated by a throttle valve and a downstream adaptive pressure controller ͑VAT PM-5͒. In this study, the pressure range in the plasma chamber was varied from 25 to 200 mTorr for all the O 2 /Ar feed-gas ratios.
A schematic of the three-stage differentially pumped housing for the QMS is shown in Fig. 1 . The gas-phase species in the plasma were sampled through a 1 mm aperture on the substrate platen. The distance between the quartz window and the grounded substrate was approximately 20 cm. The sampling aperture was placed off-axis on the substrate to provide sufficient space for the 200 l/s turbomolecular pump ͑Osaka TG 203͒ for the first stage of differential pumping as shown in Fig. 1 . The effective pumping speed for this stage was estimated to be 150 l/s. A cold-cathode gauge ͑Varian NRC 524-2͒ was used to monitor the pressure in the first stage and the pressure was in the range 10 Ϫ6 -10 Ϫ5 Torr for 25-200 mTorr operating pressure in the plasma chamber. A 4-mm-diameter aperture separated the first and second stages of differential pumping. A 900 l/s turbomolecular pump ͑Leybold TMP 1000͒ was used to differentially pump the second stage. The QMS ͑Hiden PSM-2͒ coupled with an in-line ''Bessel Box'' type ion-energy analyzer 18, 19 was placed directly in the beam path and the inside of the QMS provided third differentially pumped stage ͑Fig. 1͒. The QMS probehead had a 4 mm orifice separating the second and third stages of differential pumping. The QMS was pumped by a 56 l/s turbomolecular pump ͑Balzers TPU 60͒. The pumping speed in the third stage was conductance limited and was estimated to be 10 l/s. The pressure in the QMS was measured by a Bayard-Alpert-type ionization gauge and was almost independent of the pressure in the plasma chamber for the range of pressures used in this study. The pressure in the QMS during plasma operation was ϳ10 Ϫ8 Torr and the base pressure after baking was ϳ10 Ϫ9 Torr. The total distance between the orifice on the plasma chamber and the orifice on the QMS was 18.3 cm resulting in a solid angle of 1.25°for the beam. All the orifices were drilled after assembling the entire QMS housing to ensure that the center of each orifice was perfectly aligned along the same vertical axis. A chopper was used to modulate the beam to separate the beam and background components. The chopper was a dc electric motor compatible with high vacuum ͑Globe Motors 41A100:M41M45͒ with two 90°arc blades that were used to 
B. Design considerations
The beam component forms only a small fraction of the exit cosine distribution ͑for ideal molecular flow͒ 20 of the species sampled from the aperture on the wall of the plasma chamber. Species outside this solid angle contribute to the background component. Design of the QMS housing requires a balance between maximizing the beam signal and suppressing the background component by employing multiple stages of differential pumping. Using several stages of differential pumping, most of the species in the background can be pumped out before they reach the ionizer of the QMS. This results in a low but finite pressure in the ionizer, which in turn results in a spurious background signal of radicals. There are primarily two sources for the background radical signal. First, the neutral species in the QMS ionizer are pyrolyzed on the hot filament (ϳ1800 K) resulting in radicals that can be subsequently ionized and detected. Second, radical species that have a low sticking probability on stainless steel can survive several bounces on the walls of the mass spectrometer housing, reach the QMS ionizer, and get detected. These sources of background can result in a substantial overestimation of the beam component. 8 A chopper is used to modulate the beam to separate the beam signal from the background; this will be discussed in more detail in Sec. III A. Although the background signal is suppressed by using several stages of differential pumping, this results in a longer beam path due to geometric constraints of accommodating pumps and, thus, reduces the solid angle of the beam sampled by the QMS. Therefore, the number of stages of differential pumping and the length of the beam path should be chosen such that the beam signal is above the sensitivity limit of the QMS and there is a sufficient beam-tobackground pressure ratio to differentiate the beam signal from the superimposed background. The diameter of the extraction orifice on the wall of the plasma chamber can be used to increase the beam signal, but it should not be so large that the plasma is perturbed by the presence of the orifice.
Our QMS housing has a line-of-sight geometry in which the sampling orifice on the substrate platen of the plasma chamber, the ionizer of the QMS, and the secondary electron multiplier ͑SEM͒ lie along the same axis. This ensures that all the species that are sampled from the extraction orifice of the plasma chamber reach the detector without any collisions with the wall of the housing. In order to avoid any spurious signal resulting from photons and other radiation emanating from the plasma, the QMS is equipped with an in-line Bessel-box-type ion-energy analyzer 18, 19, [21] [22] [23] which bends the ions ͑created in the ionizer͒ around an obstruction via an electrostatic field but stops any radiation from reaching the SEM.
We have used modulated-beam mass spectrometry to separate the beam and background components of the QMS signal using a chopper. However, it is critical that beam modulation should not result in the modulation of the background component itself. When the chopper blocks the beam, it can result in a modulation of pressure in the ionizer of the QMS as the particles in the beam now contribute to the background. Therefore, the chopper was placed in the second differential pumping stage, where the beam pressure is low enough (ϳ10 Ϫ7 Torr) to minimize this effect. The beam-to-background ratio for our setup for nonreactive species is demonstrated in Fig. 2 , where the QMS signal for O 2 ϩ (m/eϭ32) and Ar ϩ (m/eϭ40) in counts/s is plotted as a function of time with the chopper in the open and closed positions while the discharge was left off. The beam-tobackground ratio depends on the pressure in the plasma chamber, the molecular weight of the gas, and the feed-gas ratio. For pure O 2 in the plasma chamber, the beam-tobackground ratio for O 2 varied from 3.2 at 25 mTorr to 2.0 at 200 mTorr pressure. However, for 90% Ar and 10% O 2 in the feed gas, the beam-to-background ratio for O 2 was 2.4 at 25 mTorr and 2.3 at 200 mTorr. For nonreactive species, the source of background signal is the residual gas pressure in the QMS ionizer. This residual pressure for gas mixtures depends on the relative pumping speed of the different gases. Hence, a different beam-to-background ratio is obtained for each gas for different feed-gas ratios. The beam-tobackground ratio for O radicals depends on the amount of O generated in the plasma chamber. For O radicals, the primary source of the background signal was O generated on the filament of the ionizer due to thermal pyrolysis of O 2 to form O radicals. The signal due to O radicals in the background gas was very small due to the high recombination probability of O radicals on stainless steel. 24 For pure O 2 in the plasma chamber, the beam-to-background ratio for O varied from 5. in the feed gas, the number density of O in the plasma was lower resulting in a smaller beam-to-background ratio; it was 1.8 at 25 mTorr and 3.4 at 200 mTorr.
III. TIMS PRINCIPLE AND CALIBRATION OF THE QMS SIGNAL TO OBTAIN ABSOLUTE RADICAL DENSITIES
A. Principle of TIMS
In mass spectrometry, electron impact ionization of a radical and its parent molecule can result in the same ion. For example, O ϩ ions can be formed by both, direct ionization of O radicals:
and through dissociative ionization of O 2 molecules:
The energies in parentheses, E 1 ͑Ref. 25͒ and E 2 , 26 are the threshold energies for the ionization processes in Eqs. ͑1͒ and ͑2͒, respectively. The direct ionization process always has a lower threshold than the dissociative ionization process and the difference in the thresholds for the two processes is typically equal to the binding energy of the bond that is broken during dissociative ionization. In TIMS, radicals sampled from the plasma are ionized by energetic electrons with varying energy and the resulting ionic species are subsequently detected by a QMS. The difference in the thresholds for direct and dissociative ionization enables the distinction of the QMS signal due to the radical species, O, from its parent molecule, O 2 , in the electron impact energy range of 13.8 -18.0 eV. This principle for radical detection, i.e., using a mass spectrometer with a variable electron energy source to differentiate ions created by direct ionization from those that are formed by dissociative ionization, is the fundamental principle upon which TIMS is based.
For example, Fig. 3 shows the QMS signal for O ϩ ions (m/eϭ16) as a function of electron energy for the chopperopen and chopper-closed positions with the plasma maintained at 100 mTorr and a feed-gas composition of 90% O 2 and 10% Ar. The electron energy scans were made in increments of 0.1 eV. In Fig. 3 , the threshold for direct ionization is indicated by the lowest energy at which ions are detected and the threshold for dissociative ionization is indicated by the change in slope of the curve; this change in slope can be clearly observed in Fig. 3 with the chopper in both open and closed positions. Ideally, there should be no O ϩ signal detected by the QMS between the thresholds for direct and dissociative ionization in the chopper-closed position ͑back-ground͒ since O radicals are expected to be produced only in the plasma. However, there is a background contribution to the signal from O radicals ͑see also Sec. II B͒ due to the thermal dissociation of O 2 on the hot filament in the ionizer and O radicals in the background gas that enter the ionizer after collisions with the walls. In order to differentiate the radical signal due only to the beam component, we take the difference between the QMS signals measured with the chopper in the open and closed positions. After subtraction, a few electron volts above the threshold for direct ionization, the QMS signal for O ϩ is several hundred counts/s, i.e., well above the sensitivity of the QMS (ϳ20 counts/s). It should be noted that the electron-energy scale on the Hiden QMS also requires calibration. We have used the well-known thresholds for parent ionization of Ar at 15.6 eV and N 2 at 15.58 eV to adjust the electron energy scale. For all gases used in our study, we found that the energy scale was offset by ϩ1.8 eV for the appearance potential.
B. Space-charge limitations in the ionizer
During TIMS, the QMS signal has to be recorded by varying only the electron energy in the ionizer while maintaining a constant filament electron emission current, which is a measure of the flux of electrons incident onto the radical beam in the ionizer. However, if the emission current is set too high, the electrons emitted from the filament and the electrons generated by the ionization process are not accelerated fast enough to the positively biased ionization cage resulting in a space-charge region in the ionizer. In such a case, the maximum emission current, I CL , that can be extracted from the filament becomes a function of the electron energy, E, and is given by the Child-Langmuir law, 27 
, where B O is a constant determined by the geometry of the ionizer. If the QMS ionizer is operated in the space-charge limited regime, it will result in emission currents that vary during the electron energy scans. Therefore, the emission current must be chosen carefully. In order to determine the maximum possible emission current, we recorded the QMS signal for O ϩ ions as a function of emission current for different electron energies over the range of 15.7-18.7 eV, as shown in Fig. 4 . In Fig. 4 , the dotted line connects the points on the constant electron energy curves corresponding to the maximum emission current for which the QMS signal increases linearly with increasing emission current. The x intercept of the dotted line in Fig. 4 indicates the maximum allowable emission current in the ionizer to ensure that the ionizer is not operated in the space-charge regime. 12, 13 In our experiments, we used an emission current of 120 A as determined from the data in Fig. 4 .
C. Calibration of the QMS signal and data collection procedure
In this study, we have used a calibration procedure similar to the one recommended by Singh, Coburn, and Graves 8, 9 with further correction to account for the neutral-neutral collisions in the beam during its extraction from the plasma chamber. We shall show later in this article ͑Sec. IV A͒ that this correction becomes significant for pressures greater than 75 mTorr in the plasma chamber, where the mean free path, mf , becomes shorter than the orifice diameter ͑1 mm͒. Briefly, the signal, S, in counts/s, recorded by the QMS can be written as
where I e is the emission current in the ionizer, (E) is the electron energy dependent cross section of the relevant ionization process, n ionizer is the number density of the neutral species of interest in the ionizer, and ␣ is a product of the extraction efficiency of the ions from the ionizer, ␤, the species mass-to-charge ratio dependent transmission efficiency of the quadrupole mass filter, T(m/e), the species mass-tocharge ratio dependent sensitivity of the SEM, (m/e), and the length of the ionizer cage, l cage (␣ϭ␤•T••l cage ). Thus, the signal, S, for O ϩ ions, can be expressed as
•n O on .
͑4͒
Here, the instrument dependent factors ␤, T(m/e), and (m/e) are unknown. The absolute density of the O radicals in the ionizer, n O on , can be determined from the QMS signal, S O→O ϩ , by using a reference gas and the following calibration procedure. In this study, as the reference signal, we have used the signal from direct ionization of CH 4 at a known pressure under plasmaoff condition, since CH 4 has the same mass as O radicals; the factors ␤, T(m/e), and (m/e) are expected to be identical for both CH 4 and O. An expression similar to Eq. ͑4͒ can be written for the signal from CH 4 ϩ ions
Dividing Eq. ͑3͒ by Eq. ͑4͒ and rearranging we get
͑6͒
In Eq. ͑6͒, n CH 4 off is proportional to the CH 4 pressure in the plasma chamber and can be calculated from the ideal gas law. The relevant cross sections, , are available from the literature and, thus, the O radical density, n O on , can be calculated using Eq. ͑6͒. Since the cross sections for electron impact ionization processes are linear up to several electron volts above the threshold energy, 28,29 the slope of a linear fit to the QMS signal as a function of electron energy is proportional to the radical density. Figure 5 instead of the actual value at this energy in order to average over more points and to reduce the noise level in the data. Figure 6 shows the beam and the background components for the QMS signal for the calibration gas, CH 4 , as a function of pressure in the plasma chamber when the plasma was kept off. Ideally, the beam signal should increase linearly with increasing pressure if there are no neutral-neutral collisions in the beam after it is extracted from the orifice on the substrate stage. Over the pressure range explored in this study ͑25-200 mTorr͒, the mean free path will become small enough above some pressure that there are neutral-neutral collisions that result in the scattering of neutrals in the beam before it reaches the QMS ionizer. This scattering results in the attenuation of the beam signal with increasing pressure. Indeed, Fig. 6 shows that the beam component of the QMS signal increases sublinearly with pressure, whereas a linear increase is expected for a perfect collisionless beam. The same effect was observed for both O 2 and Ar for nearly identical pressures in the plasma chamber. Figure 6 also shows that the background component increases linearly as a function of pressure in the plasma chamber; this observation confirms that the sublinear increase in the beam signal with increasing pressure is due to a collisional beam and not due to changes in the QMS detection. Furthermore, we confirmed that the attenuation of the beam signal with increasing pressure in the plasma chamber is not due to the saturation of the SEM, since an identical trend was obtained for a higher bias voltage on the SEM detector.
The beam attenuation due to collisions is already taken into account in the calibration procedure to obtain absolute O radical densities since the reference signal, S CH 4 →CH 4 ϩ , used in Eq. ͑6͒ was recorded at each pressure. A separate correction is not required. The reference signal should be recorded immediately after the data for O radical measurements to eliminate the effect of any drift in the sensitivity of the SEM. In our experiments, the CH 4 calibration data were recorded on the same day as the O radical measurements. For our QMS, we observed a drift in sensitivity of ϳ10% over a period of a few weeks.
D. Calibration of parent-species density and calculation of neutral-gas translational temperature
In a discharge where a radical is generated from the dissociation of the parent molecule, the density of the parent species in the plasma chamber changes when the discharge is turned on. This is true even for low degrees of dissociation because gas heating also affects the neutral densities. In fact, determination of the parent molecule density in addition to the radical density allows calculation of the neutral-gas temperature using the ideal gas law. In order to calculate Ar and O 2 densities, we have determined the Ar and O 2 beam signals under plasma-on and plasma-off conditions with 35 eV electrons. An example of these data is shown in Figs. 7͑a͒ and 7͑b͒, for O 2 and Ar, respectively. Dividing the beam component of the signal for the plasma-on (S i ϩ on ) and plasmaoff (S i ϩ off ) conditions gives the fraction of the species (i ϭO 2 or Ar͒ left in the plasma chamber after the discharge is turned on. Thus,
The product of this fraction with the density of the species in the plasma-off condition gives the density of Ar and O 2 in the plasma when the discharge is turned on. In this calculation, the mole fractions of O 2 and Ar in the chamber under the plasma-off condition are assumed to be in the same ratio as in the feed-gas mixture and the Ar and O 2 densities are computed using the ideal gas law; the actual ratio in the plasma chamber could be slightly different because of the different pumping speeds for O 2 and Ar. The temperature of the gas in the vicinity of the sampling aperture, T g , can then be calculated by using the total neutral density and the measured pressure in the ideal gas law. We have assumed that the pressure at the sampling aperture is the same as the pressure measured at the wall of the plasma chamber. This assumption is very accurate for our chamber geometry over the pressure range used in this study. Figure 8 shows a plot of the slopes for the linear fit to the QMS signal in the direct ionization region ͑see Fig. 5͒ as a function of pressure for two different O 2 -to-Ar feed-gas ratios ͑30% O 2 and 100% O 2 in feed gas͒. The slope in the direct ionization region is proportional to the radical density in the plasma. For both O 2 -to-Ar feed-gas ratios shown in Fig. 8 , the O radical signal ͑slope of the O ϩ signal obtained through the linear fits in the direct ionization region͒ increases as a function of pressure up to 100 mTorr, appears to peak at 100 mTorr and either decreases as in the case of 100% O 2 or remains constant as in the case of 30% O 2 in Ar. However, these trends in radical densities, obtained solely on FIG. 6 . Beam ͑᭺͒ and background ͑ᮀ͒ components of the QMS signal for CH 4 ϩ as a function of CH 4 pressure in the plasma chamber. During these measurements the plasma was kept off and the QMS electron-energy was 15.8 V.
IV. RESULTS AND DISCUSSION
A. O density
the basis of the raw QMS signal, are misleading since this signal should also be corrected for the increasing number of collisions in the beam at higher pressures in the plasma chamber. The absolute O radical densities, after calibration for this effect as described in Sec. III C, are also shown in Fig. 8 with the O density plotted on the right ordinate. The calibration procedure corrects for signal attenuation due to the radical scattering through collisions. The corrected data show that, unlike the raw data, the O radical signal continues to increase monotonically with increasing pressure. It is clear from the comparisons in Fig. 8 that misleading trends in the radical densities will be obtained if corrections are not made to account for collisions in the beam. Figure 9 shows the absolute O radical densities as a function of O 2 -to-Ar feed-gas ratio for different pressures in the plasma chamber. The O radical density varies from 2.1 the literature, where O radical density in an O 2 plasma was studied as a function of inert gas dilution. Booth et al. used optical emission actinometry to measure O radical density in an O 2 /Kr plasma and reported a 100% increase in O radical density for 20% Kr in the feed gas. 32 Furthermore, their measurements showed that there was no change in the electron energy distribution function due to Kr dilution. These authors, therefore, suggested that the increased dissociation of O 2 due to Kr dilution was a result of reaction of O 2 molecules with Kr metastables that have an energy of ϳ10 eV above the ground state. Takechi et al. modeled an Ar/O 2 plasma with a two-dimensional geometry to account for the effect of Ar dilution of O 2 in photoresist etching studies. 33 The simulations of these authors showed that 50% addition of Ar to O 2 increases the electron density in the plasma by a factor of 2 compared to a pure O 2 plasma. Upon Ar dilution, an increase in etch rate of the photoresist was also observed in the experiments conducted by Takechi et al. The increased etch rate was attributed to an increase in the electron density in the plasma and enhancement of O-atom density by dissociation of O 2 by Ar*.
For all the data presented in this section, three measurements were made. The first measurement was made immediately after the plasma was turned on and then after 30 and 60 min, respectively, of plasma-on time. We found that the O radical signal changes slowly during the first 30 min and then stabilizes. The data obtained after 30 and 60 min of plasma-on time were within 15% of each other. The values used in our calculations are an average of the data recorded after the plasma has remained on for 30 and 60 min. The most likely reason for the change in the O-radical signal was a drift in the chamber wall temperature after the discharge was turned on, particularly of the quartz window through which rf power was coupled to the discharge. Over the plasma chamber pressure range investigated in this study, radical recombination occurs primarily on the surfaces. Chamber wall temperature affects the recombination coefficient of the radicals and, thus, the radical density in the plasma volume until the wall temperature is stabilized. The maximum error in the O-radical density measurements was Ϯ16%. This does not include the systematic errors in the electron-impact ionization cross sections in the literature.
B. O 2 and Ar density and neutral gas temperature
The ratio, r, of O 2 and Ar densities in the plasma chamber under the plasma-on condition to the O 2 and Ar densities under the plasma-off condition, i.e., S i on /S i off (iϭO 2 ,Ar), are summarized in Table I , for the different pressures and O 2 -to-Ar feed-gas ratios investigated in this study. Both O 2 and Ar densities are expected to decrease when the plasma is turned on due to the dissociation of O 2 molecules and due to the expected increase in the neutral-gas temperature, T g . If the pressure in the chamber remains uniform and equal to the measured pressure after the discharge is turned on, an increase in T g will lower the number density of the gas molecules in the chamber according to the ideal gas law. In the data shown in Table I , at 150 and 200 mTorr, for all O 2 -to-Ar feed-gas ratios, there is no significant change in the Ar density: the values for r range from 0.98 to 1.04. A value higher than unity is not expected because neutral gas heating should reduce the mole fraction of the gas when the discharge is turned on. Therefore, based on this argument, we estimate a maximum error of Ϯ4% for the data in Table I .
At pressures less than 150 mTorr and low O 2 -to-Ar feedgas ratios, there is a significant decrease ͑up to 22%͒ in the density of O 2 when the discharge is turned on. In addition, this decrease in the O 2 density is much greater than that for Ar. The greater reduction in the density of O 2 compared to that for Ar cannot be attributed to O 2 dissociation to form O atoms. The mole fraction of O 2 dissociated in the plasma calculated using 0.5ϫn O on /(n O 2 on ϩ0.5ϫn O on ), never exceeded 1.5%. Thus, the larger decrease in the O 2 density has to be attributed to a higher translational temperature of O 2 molecules compared to that for Ar atoms. Since the O 2 translational temperature is higher than that for Ar, there must be preferential heating mechanisms for O 2 molecules, in conjunction with an insufficient number of collisions between these ''hot'' O 2 molecules and Ar atoms for the two species to reach complete thermal equilibrium. Thus, from the data shown in Table I , it is apparent that it would be incorrect to simply use the change in parent-molecule mole fraction to calculate the density of the corresponding atomic species in the plasma since there can be substantial reduction in the density of the parent species due to a rise in T g . Further- more, our data also show that it would be incorrect to use the change in the density of a monoatomic specie like Ar for calibrating the neutral-gas temperature, since the translational temperatures of Ar and O 2 may not be in equilibrium with each other, as is the case in our measurements. The primary heating mechanisms for O 2 and Ar in the plasma are ͑a͒ elastic and charge-exchange ion-neutral collisions in the presheath; ͑b͒ vibrational and rotational excitation of molecular species by electron-impact and subsequent vibrational-translational ͑V-T͒ and rotational-translational ͑R-T͒ relaxation through gas-phase collisions with groundstate neutrals; ͑c͒ formation of excited molecules due to exothermic radical-radical recombination reactions on the chamber walls; and ͑d͒ Franck-Condon heating of the neutral fragments generated by electron impact dissociation of molecules and subsequent exchange of their excess energy with O 2 and Ar in the plasma through gas-phase collisions. The excited molecules formed by process ''c'' can have several electron volts of translational and internal ͑vibrational, rotational, and electronic͒ energy. However, most of this excess energy is expected to be in the vibrational levels. 34 The V-T relaxation for highly vibrationally excited states of O 2 which may be formed in process ''c'' is efficient because these states are anharmonic and, therefore, during collisions with ground-state O 2 molecules, the vibrational-vibrational ͑V-V͒ relaxation process is nonresonant. For example, the V-V relaxation reaction between two vibrationally excited O 2 molecules:
where both v and j are vibrational quantum numbers, will be nonresonant if v and j are not approximately equal. This will be the case for collisions in low-temperature plasmas, where most collisions of a vibrationally excited O 2 molecule will be with ground-state O 2 molecules. Thus, for anharmonic oscillators, an amount of energy, ⌬EϭE v,vϪ1 ϪE jϩ1,j is removed from vibration to translation according to the reaction
where species M could be ground-state O 2 or Ar, leading to neutral gas heating. Due to the complexity of the different heating mechanisms and the lack of reliable rate coefficients for the different gas phase and surface processes, it is not possible to quantify the contribution of each mechanism mentioned above for the heating of different species in even the simplest of plasma gases. Therefore, we will only qualitatively discuss the most likely mechanism for the higher translational temperature of O 2 compared to that for Ar.
In an O 2 plasma, heating due to excitation of vibrational levels of O 2 by electron impact and subsequent V-T relaxation ͑process ''b''͒ is not an important source of heating due to the small electron-impact vibrational cross section of O 2 . 34 According to the model developed by Pinheiro et al., 34 the primary causes for gas heating in an O 2 discharge are vibrationally excited species created by atomic recombination on the chamber walls ͑process ''c''͒ and FranckCondon heating ͑process ''d''͒. The excess internal energy or kinetic energy from the above processes is then released to other ground-state atomic and molecular species via collisions. During relaxation by collisions, the vibrational energy released into the translational energy is shared by both colliding species and each one receives a fraction of this energy depending on its atomic mass. For example, during a collision of a vibrationally excited species A, of mass m A , with a ground-state species B, of mass m B , the vibrational or rotational energy released into kinetic energy, ⌬E, will be shared by species A and B as, ⌬Eϫm B /(m A ϩm B ) and ⌬E ϫm A /(m A ϩm B ), respectively. 35 Thus, during relaxation of vibrationally excited O 2 through collisions with ground-state Ar, O 2 will receive ϳ12% more translational velocity. For the case of O 2 and Ar heating through collisions of excited O atoms formed by Franck-Condon heating, again, O 2 will get more translational velocity than Ar, thus resulting in preferential heating of O 2 molecules. However, the number of gas-phase collisions has to be insufficient for complete translational relaxation of O 2 and Ar, which is the case at pressures below 150 mTorr in our experiments. The translational temperatures of O 2 and Ar are well equilibrated above this pressure.
To estimate the average neutral-gas temperature, the absolute number densities of O 2 and Ar have to be determined. Figure 10 shows the absolute densities of O 2 and Ar as a function of pressure in the plasma chamber for an O 2 -to-Ar feed-gas ratio of 9:1 with the discharge turned on. The densities shown in Fig. 10 were simply obtained from the product of the ratio, r, in Table I and the number density of O 2 and Ar with the discharge turned off, at the relevant pressure and feed-gas ratio. In calculating the number densities of O 2 and Ar with the discharge turned off, we have assumed that the ratio of partial pressures of O 2 to Ar is the same as their ratio in the feed gas. Since the pumping speeds of O 2 and Ar are different, this introduces a maximum error of 12% in the determination of their absolute densities with the discharge turned off. It should be noted that the data in Table I do not contain any error due to the difference in pumping speeds on O 2 and Ar; this is because these are simply the ratios of the density of O 2 and Ar after the discharge is turned on to their density with the discharge turned off.
The average neutral-gas temperature, T g , calculated using the measured pressure and the total number density of neutrals (n total ϭn O ϩn O 2 ϩn Ar ) is plotted in Fig. 11 as a function of pressure for all of the O 2 -to-Ar feed-gas ratios examined. The maximum error in the calculation of T g was estimated to be Ϯ13%. The highest gas temperatures ͑320-360 K͒ were recorded at low pressures and low O 2 -to-Ar feed-gas ratios. This is consistent with the gas heating mechanism ''c'' discussed above. At low pressures, the diffusion loss of O radicals to the chamber walls is greater resulting in a higher O-O wall-recombination rate and, thus, a higher generation rate for vibrationally excited O 2 molecules that cause gas heating. The heating of the neutral gas is the least at the lowest O 2 -to-Ar feed-gas ratio for a pressure of 25 mTorr. This also corresponds to the lowest steadystate O radical density at this pressure, which implies a lower wall-recombination rate for O radicals.
V. CONCLUSIONS
We have designed, developed, and demonstrated an experimental apparatus for measuring the density of radicals and parent species as well as the neutral-gas temperature in a plasma using modulated beam LOS-TIMS. The QMS was placed in a three-stage differentially pumped vacuum chamber and the extracted molecular beam was modulated with a chopper placed in between the sampling aperture and the QMS in the second stage of differential pumping in order to separate the beam and background components of the ion signal. In our design and calibration we have accounted for various sources of error such as, the contribution to the QMS signal from the background gases, the ion mass-to-charge ratio dependent sensitivity of the various components of the QMS, space-charge limitations in the QMS ionizer, and collisions within the molecular beam extracted from the discharge particularly at higher pressures (Ͼ75 mTorr). Absolute O, O 2 , and Ar densities and the average neutral-gas temperature were determined near the substrate plane as a function of pressure in the plasma chamber ͑25-200 mTorr͒ and the mole percent of Ar in O 2 ͑0%-90%͒. We have found that the O atom density increases with pressure and O 2 mole fraction in the feed gas and is over the range of 2.1 ϫ10 18 
